Abstract
INTRODUCTION
A vast body of experimental evidence supports the idea that biological diversity, in particular plant species richness, is positively related to a range of ecosystem functions including primary production (Balvanera et al. 2006) . While biodiversity-ecosystem functioning relationships appear to be relatively universal, most studies have been carried out in temperate ecosystems, in particular in temperate grassland. Forest studies are under-represented (Cardinale et al. 2011) , in particular at low latitudes (Verheyen et al. 2016 ), which appears critical given that tropical and subtropical forests range among the most diverse and most productive ecosystems on Earth (Dixon et al. 1994; Melillo et al. 1993) , play a key role in the global carbon and hydrological cycle and are important for climate regulation (Bala et al. 2007; Durieux et al. 2003) . The need for a better understanding of forest responses is also underlined by a recent analysis showing that effects of biodiversity loss can be similar in magnitude to effects of other global change drivers, including drought, elevated CO 2 and eutrophication (Hooper et al. 2012) .
Forests differ fundamentally from grasslands in a number of ways that could also lead to different biodiversity effects. First, tree individuals are larger in size and longer-lived than the average grassland species. Second, while niche complementarity has been proposed as driver of positive diversityproductivity relationships in grassland, such complementarity may be lower in particular in the tropics due to high species similarity resulting from strong environmental filtering (Hubbell 2006) . Third, the formation of woody tissue leads to a functional separation of perennial woody structures and shorter-lived green photosynthesizing leaf tissue, with the latter being more active and the former more important for carbon storage. This separation also exists to some extent in perennial grassland, with long-lived roots, but it is more pronounced in forest. In forest studies, the growth of woody and leaf fractions is usually determined non-destructively by measuring stem basal area and leaf area index (LAI).
Evidence for biodiversity-productivity relationships in forests essentially stems from two sources. First, forest inventory data have been analyzed in a number of studies. Second, experimental studies have been established in which tree diversity was systematically manipulated at a given site, avoiding the potential confounding of diversity with site conditions and climate that complicates the interpretation of survey-based studies.
For forests, most of the evidence for biodiversity effects rests on the first type of study. For example, Piotto (2008) reported higher yields in mixed plantations than in monocultures. Paquette and Messier (2011) analyzed Canadian forest inventory data and found positive effects of tree species richness on aboveground biomass in boreal but not in temperate systems. Vilà et al. (2013) found positive tree species richness effects analyzing European forest inventory data. Finally, Gamfeldt et al. (2013) reported similar results for Scandinavian forests and highlighted that diversity-productivity responses saturated at much higher diversity when multiple ecosystem functions were considered simultaneously.
An increasing number of forest biodiversity experiments is currently being established (Scherer-Lorenzen et al. 2005; Verheyen et al. 2016 ), but few results are available to date, in part due to the slow growth of trees, and most are located in the temperate zone. A notable exception is Potvin and Gotelli (2008) who reported higher basal area in mixed than in monospecific stands of 5-year-old tropical trees.
We have established a large forest biodiversity experiment in the subtropical zone of south-east China . A total of 566 plots with 400 tree individuals each were planted from 2009 to 2010. Here, we report tree species richness effects on LAI in a subset of 124 plots in which species composition was manipulated by recursively subdividing two different 16-species pools until monocultures were obtained, creating communities with 1, 2, 4, 8 and 16 tree species. We assessed LAI three times during two successive years by digital hemispheric photography. Specifically, we were interested in (i) whether LAI responded positively to tree species richness; (ii) whether responses depended on season, indicating different responses of evergreen and deciduous species; and (iii) whether responses would occur throughout the entire diversity range or be restricted to the low diversity end of the gradient as suggested by, e.g., Piotto (2008) .
MATERIALS AND METHODS

Study site and experimental design
A forest biodiversity experiment was set up in south-east China in the Jiangxi Province, near the town Xinganshan (29.09 N, 117.92 E) . The site's climate is subtropical monsoon, with annual air temperature and precipitation averaging 17°C and 1800 mm, respectively. The entire experiment consists of 566 plots with 400 tree individuals each that were arranged on a 20 × 20 rectangular grid with 1.3 m spacing between adjacent rows.
The present study was carried out in a subset of 124 plots in which tree species richness was manipulated independently of species traits ('random extinction scenario'; Bruelheide et al. 2014) . Starting with a 16-species community, lower diversity communities were obtained by randomly dividing the species pool into two complementary communities with half the number of species each. This process was repeated until monocultures were obtained, yielding 31 distinct community compositions ('broken stick design'; Bruelheide et al. 2014) . Each community composition was replicated in two plots. The entire design was replicated at two separate sites 5 km apart, with each site using a separate pool of 16 species. Plots on Site 'A' were planted in 2009, whereas Site 'B' was planted in 2010.
Leaf area index
We determined LAI of all plots in July 2013, in April 2014 and again in August 2014 by digital hemispheric photography. This sampling was based on the seasonality of species, with evergreen leaves present at all dates but no or only few deciduous leaves present in April.
A tripod-mounted digital SLR camera with APS-C size sensor (Nikon D80, Sendai Nikon Corp., Miyagi, Japan) was oriented vertically upward with the viewfinder facing north and the image plane 30 cm vertically above ground. Using a circular fisheye lens (Sigma 4.5 mm f/2.8), canopy photos were taken in the center of each plot. Four additional photos were taken by moving two rows/columns diagonally toward each corner of the plot.
Photos were taken early in the morning or late in the evening to avoid direct sunlight. Exposure was set so that areas with open sky were recorded as bright tone but not overexposed. All photos were preprocessed with a custom software (P. A. Niklaus, unpublished) that allowed to correct for uneven sky illumination by defining a threshold surface based on Delauney triangulation of user-defined polygons. The now black and white images were carefully inspected visually to ensure adequate discrimination between vegetation and open sky. Using the software Hemisfer 2.13 (http://www.wsl. ch/dienstleistungen/produkte/software/hemisfer), LAI estimates were obtained based on a weighted ellipsoidal method designed by the author of the software, combined with slope, non-linearity (Schleppi et al. 2007 ) and clumping corrections (Chen and Cihlar 1995) . LAI estimates were based on five 'rings' determined by view angles increasing in 15° steps from the zenith. Non-plant structures such as infrastructure, people or remote hills protruding into the analyzed image area were manually excluded from the analysis by flagging them in a different color. Also, the lens' image geometry was determined manually by marking positions corresponding to 30°, 45° and 60° viewing angle on a target that was photographed.
Data analysis
Effects of tree species richness and composition on LAI were tested using ANOVA models fitted by restricted maximum likelihood, using ASReml (VSN International, Hemel Hempstead, UK) in R 3.2 (http://r-project.org). Models included the fixed effect species richness (log-transformed) and the random effect community composition. We fitted further models by including species richness and terms correcting for very large residual effects related to the presence of certain species in the respective plant communities . These contrasts were based on the experimental design, i.e. not the actual presence of species that may depend on mortality. The species presenceabsence contrasts to include were determined sequentially, first including the species with the highest F-value, and then repeating this procedure with additional species until the final model contained three such contrasts. We further fitted models correcting for the number of tree individuals found in the plot's central area, reasoning that diversity-independent random mortality might obscure tree species richness effects on leaf area. Topographic covariates (e.g. slope and slope exposure; cf. Scholten et al. 2017) were tested but omitted from the final model because they were not significant.
We also tested for transgressive overyielding (Schmid et al. 2008) , i.e. whether mixtures outperformed their component communities as defined by the broken stick design. For example, monocultures were used as reference to gauge for transgressive overyielding in two-species mixtures, whereas the two-species mixtures served as reference for the four-species mixtures, etc. Omitting adjustments for the number of trees present in the plot's center (correction for tree density) reduced significances slightly in the case of LAI in August 2014 (P = 0.03, Site A) and LAI increase from April to August 2014 (P = 0.02, Site A).
RESULTS
LAI was generally larger at
Individual species effects
Including the presence of particular species significantly reduced the between-mixture residual variation (Table 1) . These species were mostly the ones with particularly high or low LAI in monocultures ( Fig. 2; cf. Li et al. 2017b) .
Overyielding
Transgressive overyielding in our study refers to mixtures (2-16 species) outperforming even their 'best' component monoculture. Analysis of the last measurement in August 2014 indicates no such effects, with the exception of a R. chinensis-S. superba two-species mixture at Site A that slightly exceeded the LAI of the 'better' S. superba monocultures (6.6 ± 0.1 vs. 6.2 ± 0.7 m 2 m −2 , respectively). When examining individual mixtures and the two component communities from the next lower diversity level, significantly positive net biodiversity effects (i.e. cases of nontransgressive overyielding; Schmid et al. 2008) were detected (Fig. 3) . In August 2014, LAI was 0.48 ± 0.20 m 2 m −2 higher in mixtures than the average of the two component communities with half the tree species richness. This effect was larger at Site A (0.63 ± 0.30) than at Site B (0.30 ± 0.24). Effects were larger in two-species mixtures (both sites: 0.84 ± 0.29, Site A: 0.94 ± 0.44) than in more diverse communities (both sites: 0.12 ± 0.26, Site A: 0.27 ± 0.44), but this effect is less robust due to the decreasing number of replicates at higher richness.
DISCUSSION
Our results indicate positive effects of species richness on leaf area and seasonal leaf area production in young experimental stands of subtropical trees. The strongest evidence of biodiversity effects was found in the stands at the site that was established 1 year earlier. However, effects were consistent across sites when stands of equal age were compared (Site A in August 2013 and Site B in July 2014; Fig. 1 ), indicating that our findings are independent of the original species pool. The effects we have found appear to be driven by the presence of some particularly productive or unproductive species. This is supported by visual observation but also by the relatively high amounts of systematic variation explained by specific species presence-absence contrasts in the statistical models. In our study, species richness was reduced by repeatedly partitioning the original species pool into two halves (broken stick design; Bruelheide et al. 2014) . As a consequence, specific species co-occur in many plots, and it is therefore difficult to unequivocally attribute effects on stand Fixed effects were fitted sequentially as indicated in the table. 'Density' indicates the number of live trees in the central area of the plot. Effects of log(richness) remained significant at P = 0.03 and P = 0.02 when omitting the term 'density' for LAI in August 2014 and the LAI increase from April to August 2014, respectively. For these two dependent variables, the estimated variance components for community composition (0.7 ± 0.6 and 1.1 ± 0.6) was smaller than the one for plot (2.3 ± 0.6 and 2.0 ± 0.5), which clearly was non-zero. df and ddf indicate nominator and estimated approximate denominator degrees of freedom underlying the F-tests. F and P indicate F-ratios and the P-value of the significance test. Data are not shown for 2013 because species richness effects were not statistically significant in this year. Abbreviations: ChAx = Choerospondias axillaris, KoBi = Koelreuteria bipinnata, NySi = Nyssa sinensis, QuFa = Quercus fabri, QuSe = Quercus serrata, ScSu = Schima superba.
leaf area to the presence of individual species. Nevertheless, the species explaining most residual variation in our models were the ones with either very high or very low LAI (and biomass) when grown in monocultures. Meta-analyses (e.g. Cardinale et al. 2011) and individual studies carried out in a broad range of biomes (e.g. Reich et al. 2012; Stachowicz et al. 2008; Tilman et al. 2001) indicate that effects of biodiversity generally increase in the course of longer-term experiments. Our study encompassed stands 3-5 years old, and leaf area was still low compared to similar but mature forest stands (Asner et al. 2003; Beadle 1993) . Nevertheless, effects on leaf area grew with age. As field biodiversity experiments progress, effects often are increasingly dominated by population-level responses and to a lesser extent by changes in individual performance (e.g. Marquard et al. 2013) . Demographic processes will thus shift the abundance of individual species, possibly leading to dominance of plot-level characteristics by particular species. More recently, ZuppingerDingley et al. (2014) have demonstrated that biodiversity effects can also increase because of selection processes that enhance complementarity of genotypes in diverse species mixtures. In our study, however, such effects are unlikely, because trees had been planted at constant density, and, while mortality was significant, it was not or only weakly diversity-dependent (N. No data were available for monocultures of 'MeFl' and 'CeBi' (Site 'B'); these monoculture plots were planted later due to a shortage of seedlings and were therefore not included in the analysis. Bars marked in black indicate the tree species for which presence-absence contrasts were fitted in the mixed-effects models (see Table 1 and Materials and Methods for details). For Site 'B', these also included 'MaTh' and 'MaGr'. Castro, unpublished; Yang et al. 2013) . The most likely mechanisms responsible for the progressively stronger species richness effects in our study are related to canopy closure. Immediately after planting, the crowns of neighboring tree individuals were separated by gaps and diversity-dependent interactions most likely indirect (e.g. pathogens or herbivores, but see early root interactions reported by Bu et al. 2017) . As canopies started to close, individuals began to compete for light and space, and modifications of individual growth in response to the local neighborhood were observed (Li et al. 2014) . For example, Choerospondias axillaris, one of the fastest-growing species in our study, started to display higher growth rates in species mixtures than when surrounded by conspecifics. The focal plane of the camera we used to collect the hemispheric photos was 30 cm vertically above ground. We further analyzed data covering a 144° viewing angle to avoid interferences from objects outside the plot area, including the horizon. Therefore, very low leaves from small individuals were not recorded. As a consequence, effects in initial growth stages could have been missed; conversely, however, relative effects could have been exaggerated because a larger fraction of foliage might have been lost at low compared to high productivity (in case this corresponds to small vs. tall canopies). We believe, however, that these potential problems were not critical for the LAI assessment in August 2014, except possibly for a few very unproductive plots. Also, digital hemispheric photos (as most optical methods) do not discriminate between leaves and woody structures. However, in young stands as the ones we investigated, stem and branch structures will likely result only in a minor bias, at least when LAI is sufficiently high. Nevertheless, we were not able to safely analyze whether species richness effects depended on leaf seasonality. LAI in April reflects mostly evergreen leaf area, whereas the increase from April to August reflects mostly deciduous leaf area, but the positive trend between species richness and April LAI may have been caused partly by woody structures of both deciduous and evergreen species. Also, given that stands were growing, the observed species richness effect on the seasonal LAI increase from April to August 2014 may not only reflect deciduous leaf area development but also the continuous growth of evergreen species.
Leaf area was 70% higher (Site A, August 2014, modelpredicted means) in eight-species communities than in monocultures. When considering the seasonal increase in LAI from April to August 2014, this effect amounted to 86%. These LAI increases with species richness correspond to normalized effect sizes Z r = 0.47 and 0.52, which appears moderate to large compared with published meta-analyses (Balvanera et al. 2006; Piotto 2008; Schmid et al. 2009; Zhang et al. 2012) . However, productivity responses in biodiversity experiments are commonly reported using metrics other than leaf area. Exceptions are, e.g., Spehn et al. (2000) who found a 65% increase in LAI (eight species relative to monocultures) at the Swiss site of the pan-European BIODEPTH project (Hector et al. 1999) . At this site, productivity responses were significantly driven by legume dinitrogen fixation, a factor that was not important in our study. For tropical tree assemblages, Sapijanskas et al. (2014) reported increased light interception at high species richness, indicating higher leaf area. In contrast to our study, these authors also found significant transgressive overyielding of mixtures relative to the most productive constituent monoculture. In our study, particularly large LAI increases occurred when doubling species richness from 1 to 2, with smaller additional LAI gains when further doubling species numbers. Although not a strict test, this observation promotes the idea of a saturating response of LAI with species diversity.
We have also found large positive effects of biodiversity on productivity in a nearby nature reserve in which we have established comparative study plots spanning a gradient in tree species richness (Baruffol et al. 2013; Bruelheide et al. 2011) . While these effects were even larger than the ones on LAI reported here, they were restricted to woody biomass and did not manifest in increased LAI (Castro et al., unpublished) . One reason for this discrepancy may be that stand leaf area becomes increasingly controlled by total available light as forest canopies close during forest succession. This is so because competition for light is asymmetric, with tall individuals potentially being able to pre-empt this resource before it becomes available to smaller trees (Hautier et al. 2009 ). Leaf area therefore does not scale linearly with stem cross-sectional growth, with young trees investing relatively more into leaves than into woody structures than old trees. In our study, trees were growing rapidly in height, and we think that leaf and stem basal area were closely correlated at this stage of stand establishment. Unlike in the present study, tree species richness effects on aboveground biomass in the natural forest plots were in part driven by increases in individual density (i.e. number of stems per ground area; Baruffol et al. 2013) , which may have additionally favored disproportionate increases in woody structures relative to leaves (Le Dantec et al. 2000) .
In conclusion, substantial, statistically significant effects of tree species richness on leaf area and leaf area increase were found in 5-year-old mixed stands of deciduous and evergreen subtropical trees. Effects occurred both in spring, when only evergreen species had leaves, and in summer, when all species had leaves. An important driver of the positive tree species richness-leaf area relationship was the presence of particular species that grew particularly well or poorly during the initial phases of canopy development, indicating selection-type effects (Loreau and Hector 2001) . In such young stands, leaf area is likely a good indicator of total aboveground productivity. However, we expect a decoupling of leaf and woody biomass in the future, and that different mechanisms will govern leaf area responses in more mature stands (cf. Fargione et al. 2007; Hooper et al. 2005) . Studying effects of biodiversity on woody and leaf biomass separately thus appears critical given that some secondary effects likely are more strongly tied to leaf responses, even though these may not dominate aboveground biomass changes. Such effects could include effects on insect communities (Brezzi et al. 2017; Hahn et al. 2017; Staab et al. 2017 ) and nutrient recycling rates from litter (e.g. Huang et al. 2017; Li et al. 2017a) .
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